Abstract: A CMOS 3-5 GHz ultra-wideband (UWB) low-noise amplifier (LNA) with an integrated active interferer rejection is presented. The LNA eliminates the out-band 2.4 GHz interferers without deteriorating the input matching and gain by employing the active tunable bandpass feedback loop to produce a notch at the interferer frequencies. The proposed LNA is fabricated using a 0.18 µm CMOS process. The 3-5 GHz UWB LNA with the integrated bandpass feedback loop achieves an out-band 2.4 GHz interferer rejection of 29.2 dB, a power gain of 15.3 dB, and a minimum noise figure of 4 dB with a power consumption of 9.1 mW.
Introduction
Ultra-wideband (UWB) systems use a wide bandwidth (3.1 GHz to 10.6 GHz) with a very low power for short-distance data communication and a high data rate. However, the sensitivity of the UWB receiver can be degraded by interference signals from other wireless communication systems. The major interferer sources are the in-band signals from IEEE 802.11a WLAN systems and the out-band signals from IEEE 802.11b/g WLAN systems, which occupy the frequency bands of 5-6 GHz and 2.4-2.48 GHz, respectively [1, 2, 3] . These interferers cause distortions in the UWB RF receiver circuits, such as gain compression, crossmodulation distortion, and intermodulation distortion. Thus, it is necessary to use notch filter in the receiver to reject these strong interferers. The minimum received power in the UWB channel is 47 and 67 dB lower than those of the wireless local area network (WLAN) interferer powers at 5.2 and 2.4 GHz, respectively in the worst case. In order to achieve reasonable performance for the considerations of gain compression and intermodulation distortion, more than 10 dB attenuation over the bandwidth of each interferer with 20 dB peak attenuation is appropriate in the RF front-end [3] .
Several UWB LNAs using an integrated notch filter for interferer rejection have been presented [4, 5, 6, 7, 8, 9] ; however, they suffer from a high noise figure (NF), and the input impedance of the UWB LNA is strongly affected by the input notch filter [4, 5] . The notch filter with an active inductor requires additional current consumption [6, 7, 8, 9] . In this letter, a CMOS 3-5 GHz UWB LNA with an integrated bandpass feedback stage for 2.4 GHz interferer rejection is presented.
2 UWB LNA with active interferer rejection Fig. 1 shows a circuit schematic of the UWB LNA with a bandpass feedback stage. The bandpass feedback scheme creates a notch transfer function at the blocker frequency [10] . The bandpass transfer function of the feedback stage can be expressed as:
where ! 0 is the blocker frequency, Q is the quality factor, and A fb is the gain of the feedback stage at the blocker frequency. The closed-loop transfer function of the feedback loop can be expressed as:
where A 0 is the open loop gain of the LNA. The bandpass feedback scheme creates a notch transfer function at the blocker frequency. The gain of the closed-loop transfer function at the blocker frequency is decreased by the loop gain of the negative feedback and is given by Hðj! 0 Þ ¼ A 0 =ð1 þ A 0 A fb Þ. Fig. 1(a) shows the circuit schematic of the ultra-wideband LNA core. It consists of two parallel paths with a common-gate (CG) stage and a commonsource (CS) stage. The LNA includes unbalanced-to-balanced conversion at the input CG stage and CS stage. The CG stage offers wideband input matching with an input impedance of 1=g m1 , where g m1 is a transconductance of the input transistor M 1 . However, the CG amplifier has a high NF compared with other amplifiers. The noise current of M 1 flows into R 1 , and L S induces an in-phase amplified noise current in R 2 by driving the gate of M 2 . If the resulting noise voltages at the two output terminals are equal, then M 1 's noise is common mode and is canceled by differential sensing [11] .
The LNA with a differential topology has the benefit of having a higher immunity to noise, whereas an additional external balun is needed for conversion from a single-ended input to a differential input. To remove the external lossy balun, the LNA is designed with a single input and a differential output. In addition, a cascode LNA is used to realize better isolation and a higher gain. A DC current flows to the ground through the off-chip inductor L S of 20 nH. In addition, the wirebond inductors at the loads of CG and CS stages are used to flatten the gain in-band frequency of 3-5 GHz.
The output buffer is used for output matching and measurement purposes as shown in Fig. 1(a) . The output impedance is matched to 50 Ω in the frequency range of 3-5 GHz. Its influence is included in the measured results. Off-chip transformer balun is used for differential to single ended conversion. The components values of the LNA in Fig. 1(a) are as follows: Fig. 1(b) shows the schematic of the bandpass feedback stage. The integrated bandpass feedback stage consists of a transconductance stage and on-chip LC resonators. A differential complementary common-source topology with an on-chip LC resonator load is used for the bandpass feedback amplifier. The current reused complementary amplifier increases the feedback gain with low current consumption. To achieve sufficient selectivity for the on-chip LC resonator, an active Qenhancement circuit is used. The on-chip LC tank of the bandpass filter consists of a varactor array and switched capacitors with a fixed inductor. MOS varactor cells are used to realize fine frequency tuning for the achieved tuning range 2.2-2.7 GHz. The Q-enhancement circuit is implemented by using a cross-coupled transistor pair, as shown in Fig. 1(b) . The negative resistance can be adjusted by varying the bias of the current source M 11 . The interferer from the bandpass feedback stage is injected into the source of the cascode transistor because of its low impedance for current-mode subtraction. In this scheme, the input impedance matching is not affected by the feedback stage. A buffer stage is used to increase the feedback gain for realizing a high interferer rejection ratio. The gain of bandpass feedback stage can be adjusted by controlling the bias voltage (V GC ).
The magnitude of loop-gain of the LNA with the bandpass feedback loop is 1 at the frequency of 2.33 GHz and 2.56 GHz, and the phase margin is 71°and 112°, respectively. The phase margin of the bandpass feedback loop is sufficient for stable operation. The components values of the bandpass feedback stage in Fig. 2(b) are as follows:
Measurement results
The proposed UWB LNA is fabricated using a 0.18-µm CMOS process. Fig. 2(a) shows a microphotograph of the LNA core and bandpass feedback stage. The die area of the LNA has dimensions of 0:42 mm Â 0:77 mm. Fig. 2(b) shows a photograph of the measured board. The current consumption is 5.9 mA for the LNA core and 1.7 mA for the bandpass feedback stage with a 1.2-V supply voltage. Fig. 3 shows the measured and simulated input return loss (S 11 ), output return loss (S 22 ), Table I .
Conclusion
A CMOS ultra-wideband LNA with an active bandpass feedback stage for achieving out-band interferer rejection has been presented. The proposed 3-5 GHz UWB LNA employs the active tunable bandpass feedback stage to reject an out-band interferer without deteriorating the input matching and gain. The proposed LNA is fabricated using a 0.18 µm CMOS process. This UWB LNA achieves an interferer rejection of 29.2 dB in 2.4 GHz WLAN band. 
